A novel spectrometer that is based on the use of the thermal lens effect for sensitive measurements of absorption in the near-IR region has been developed. In this instrument the near-IR excitation light ͑from 1515 to 1590 nm͒ was provided by an erbium-doped fiber amplifier ͑EDFA͒. An acousto-optic tunable filter ͑AOTF͒ was used to spectrally disperse the light from the EDFA. The AOTF was used in a new configuration in which, instead of the diffracted light, the transmitted light was used. The heat generated as a consequence of the absorption of the near-IR excitation beam by the sample was monitored by a He-Ne laser. The sensitivity of this spectrometer was found to be at least two to three times higher than that of conventional transmission measurements. Its application in the sensitive determination of nucleotides ͑adenosine, cytidine, guanosine, and thymidine͒ is described.
Introduction
Tran and Gao 1 recently demonstrated that an erbium-doped fiber amplifier ͑EDFA͒ is an excellent light source for the near-IR region. 1 It is all fiber, all solid state, and reliable, and requires little maintenance. Its spectral bandwidth is wider and its output intensity higher than the other near-IR ͑continuous wave͒ sources that are currently available. 1 The recently developed near-IR spectrophotometer, 1 based on the use of the EDFA as a light source and an acousto-optic tunable filter [2] [3] [4] [5] [6] ͑AOTF͒ as a dispersive element, can be used for measurements that are not possible with spectrophotometers based on halogen tungsten lamps. For instance, the absorption spectrum of a 1.0M Pr 3ϩ aqueous solution can be successfully measured through four sheets of paper with this spectrophotometer. 1 Unfortunately, like other transmission-based instruments, this spectrophotometer has rather low sensitivity. It is, therefore, particularly important that a novel instrument that is based on the EDFA and the AOTF but has relatively higher sensitivity be developed. The thermal lens technique is one such possibility.
The thermal lens technique is based on the measurement of the temperature increase that is produced in an illuminated sample by nonradiative relaxation of the energy absorbed from a laser. [7] [8] [9] Thus the absorbed optical energy is directly measured in this technique. Its sensitivity is therefore directly proportional to the intensity of the excitation light ͑P 0 ͒. Its relative sensitivity ͑RS͒ over those of conventional transmission measurements is given by [7] [8] [9] RS ϭ P 0 ͑dn͞dT͒ 1.91k ,
where is the wavelength of the probe beam, dn͞dT is the temperature coefficient of the index of refraction, and k is the thermal conductivity of the solvent. It is evident from this equation that the sensitivity of the thermal lens measurements will be higher if a higher intensity light source is used for excitation. With a single 980-nm-diode laser pump, the total output of the EDFA used in this work is ϳ20 mW. Since this output is distributed over a wavelength range of ϳ150 nm, its highest output at a single wavelength, as dispersed by an AOTF whose efficiency is ϳ15%, is only in the microwatt range. The sensitivity of the thermal lens measurements would be lower than that for conventional transmission measurement techniques when such a low-intensity light is used for excitation ͑even when the measurements are performed in a solvent that has high dn͞dT and low k values͒. It is therefore essential to increase the intensity of the EDFA excitation light so that the sensitivity of the thermal lens technique will be higher than that of conventional absorption measurements. The AOTF diffracts light at a specific wavelength when an rf signal is applied into it. [2] [3] [4] [5] [6] Conventionally, it is this diffracted light that is used in all experiments. [2] [3] [4] [5] [6] The intensity of this diffracted light is only a fraction of the total intensity of the incident light. The transmitted light whose intensity is much higher than the diffracted light has not been used in all cases. The most probable reason for this is the lack of spectral information on this transmitted light, i.e., its intensity distribution over wavelengths. It will be demonstrated in this paper that by appropriate calibration spectral information on the transmitted light can be obtained. This will permit the use of the transmitted beam as the excitation light for the thermal lens measurements. Because the intensity of this light is much closer to the total output of the EDFA and is much higher than the diffracted light, such use will allow the thermal lens measurements to have a higher sensitivity than that of conventional absorption measurements. The calibration method used to obtain spectral information on the transmitted light and the instrumentation development for the EDFA-AOTF-based thermal lens spectrometer will be described in the first part of the paper. Calibration of the instrument will be performed with diethylamine used as the standard. The final part of the paper will address the applications of the thermal lens technique for the determination of nucleotides, i.e., adenosine, cytidine, guanosine, and thymidine.
Experiment

A. Materials
Deuterium oxide ͑99.9 at. % D͒ was purchased from Cambridge Isotopes. ͑Ϫ͒-Adenosine ͑99%͒, cytidine ͑99%͒, guanosine ͑98%͒, thymidine ͑99%͒, sodium dodecylsulfate ͑electrophoretic grade͒, diethylamine ͑98%͒ and deuterium chloride ͑37 wt.%, 99.5 at. % D͒ were purchased from Aldrich.
B. Instrumentation
The thermal lens instrument used in this work is based on the pump and probe configuration ͑Fig. 1͒. An EDFA provided the excitation light. Detailed information on the EDFA was provided in a previous publication. 1 The 980-nm pump laser diode of the EDFA was temperature controlled by an ILX Lightwave Model LDT-5412 and driven by a precision current source ͑ILX Lightwave Model LDX-3412͒. The output of the EDFA, which ranged from 1515 to 1590 nm, was collimated into the AOTF ͑Model AOR-IR1͒ for dispersion and spectral tuning. Unlike previous cases, in this study the transmitted light ͑T͒ from the AOTF was used to excite the sample, whereas the diffracted light ͑D͒ was blocked. The transmitted light, which was modulated by a mechanical chopper ͑Stanford Research System Model SR450͒ either at 20.7 Hz for the measurement of thermal lens spectra or at 4.5 Hz for the limit of detection ͑LOD͒ determination, was focused onto a quartz cell. The probe beam was provided by a red He-Ne laser ͑Spectra-Physics Model 105-1͒ that was aligned collinearly with the pump beam with a dichroic filter ͑DF, reflects red light͒. After propagating collinearly through the sample, the pump and probe beams were separated by an Amici prism ͑P͒. The intensity fluctuation in the center of the probe beam was monitored by a p-i-n photodiode ͑PD, United Detector Technology PIN 10-DP͒. The signal was demodulated and amplified by a lock-in amplifier ͑Stanford Research System Model SR810͒. The analog signal from the lock-in amplifier was acquired in a 486 IBMcompatible personal computer through a 16-bit analog-to-digital ͑A͞D͒ board ͑National Instruments Model AT-MIO 16X͒ with software developed in our laboratory. The data were further treated with the GRAMS 386 program ͑Galactic Industries Corporation͒. For the measurement of the excitation light intensity as a function of wavelength the cell holder was removed and an InGaAs near-IR detector ͑Epitaxx Model ETX1000GR26TE͒ was positioned in its place.
The absorption spectra were measured on an AOTF-based near-IR spectrophotometer developed in our laboratory. 6,10
Results and Discussion
Light at a specific wavelength will be diffracted from the AOTF when an rf signal at a specific frequency is applied into the filter. The intensity of the diffracted light as a function of wavelength when light from EDFA was incident into the AOTF is shown as a dashed curve in the inset in Fig. 2 . As illustrated, the diffracted light in this case was only from ϳ1515 to 1590 nm because that is the output wavelength range of the EDFA.
It is possible to obtain the diffracted-lightwavelength relationship by measuring the intensity of the light transmitted through the AOTF because it is known that the intensity of the light diffracted from the AOTF ͑P d ͒ at a specific wavelength is dependent on the intensity of the incident light, P͑͒, and the efficiency of the AOTF ͑͒, at that wavelength, i.e., [2] [3] [4] [5] [6] 
Accordingly, the intensity of the light transmitted from the AOTF at a specific wavelength is the difference between the total intensity of the incident light at all wavelengths ͑P 0 ͒ and the diffracted light at that wavelength
Shown in Fig. 2 is the intensity of the light transmitted through the AOTF, plotted as a function of wavelength. This spectrum was obtained by placing an InGaAs detector in the focus point of the ͑AOTF transmitted light͒ pump beam. As illustrated, when an rf frequency that corresponds to the wavelength of 1600 nm was applied to the AOTF, the light transmitted through the filter was at maximum intensity. This is because the EDFA has no output light at this wavelength. Therefore no light was diffracted by the AOTF. As a consequence, light at all wavelengths from the EDFA output will be transmitted to give the maximum light intensity.
In fact, the light intensity at 1600 nm represents the first term on the right-hand side of Eq. ͑3͒, ͑P 0 ͒. For other wavelengths ͑from 1515 to 1590 nm͒ at which there is diffracted light, the intensity of the transmitted light is decreased by the amount of light diffracted out at that wavelength ͓second right-hand term of Eq. ͑3͔͒. For instance, when the diffracted light is maximum ͑around 1530 nm; see Fig. 2 inset͒, the intensity of the transmitted light is minimum. It is therefore possible to obtain the intensity of the diffracted light as a function of wavelength by subtracting the spectrum shown in Fig. 2 ͑i.e., the transmitted light intensity͒ from the intensity of the light at 1600 nm ͑i.e., the total light intensity͒. As expected, the spectrum obtained by such a calculation ͑solid curve in Fig. 2͒ agrees well with the diffracted light intensity profile measured directly ͑dashed curve in Fig. 2 inset͒.
The thermal lens intensity ͑TL͒ is proportional to the absorbance of the sample ͑Abs͒, the excitation laser power ͑P͒ and a proportional constant ͑K͒ that is dependent on the thermo-optical properties of the medium ͑i.e., dn͞dT and k͒. [7] [8] [9] When the sample is excited by the transmitted beam from the AOTF, the thermal lens spectrum can be described by Eq. ͑4͒
The first term on the right-hand side of Eq. ͑4͒ represents the thermal lens signal produced when the sample is excited by the total output of the EDFA ͑i.e., the thermal lens signal when no light is diffracted from the AOTF or when the light corresponding to the 1600-nm setting on the AOTF is used for excitation͒. The second term represents the thermal lens signal produced when the sample is excited by the diffracted light. Figure 3 shows the thermal lens spectrum of diethylamine excited by the transmitted light from the AOTF. Note that the decrease in the signal observed at a specific wavelength is proportional not only to the change in excitation light intensity ͑by the light diffracted from the AOTF at different wavelengths͒ but also to the absorption of the sample at that wavelength ͓Eq. ͑4͔͒. As in the treatment described above to calculate the intensity of the diffracted light ͑Fig. 2͒, the thermal lens spectrum shown in Fig. 3 is subtracted from the thermal lens signal intensity at 1600 nm. The calculated thermal lens spectrum is shown in the inset of Fig. 3 .
As is evident from Eq. ͑4͒, the thermal lens signal intensity is proportional to the excitation light power. Therefore, the thermal lens spectrum must be corrected to account for the change in the intensity of the excitation light at different wavelengths before it can be compared with the absorption spectrum. This correction is illustrated in Eq. ͑5͒, where the CTL͑͒ is the corrected thermal lens signal,
Experimentally, such a correction was made by dividing the thermal lens spectrum of diethylamine, shown in the inset of Fig. 3 , by the intensity profile of the excitation light ͑dotted curve in Fig. 2 inset͒. The corrected thermal lens spectrum, shown in Fig. 4 , is similar to the absorption spectrum of the same compound measured with the AOTF-based near-IR absorption spectrophotometer. This result further confirms the effectiveness of this new thermal lens instrument and data treatment.
Subsequently the thermal lens instrument was used to determine nucleotides. Shown in Fig. 5 are the corrected thermal lens spectra of thymidine, adenosine, cytidine and guanosine. For reference, absorption spectra ͑from 1450 to 1700 nm͒ of these nucleotides, measured on the AOTF-based near-IR absorption spectrometer, are also shown in the inset. The wavelength region corresponding to those in the thermal lens spectra are highlighted. Again, the thermal lens spectra agree well with the absorption spectra for all four compounds.
The signal-to-noise ratios ͑S͞N͒ of the thermal lens technique and the absorption measurements are evaluated to facilitate comparison of the sensitivity of the two techniques. Because S͞N is known to depend not only on the sample concentration but also on other factors, including the solvent and the excitation laser power, it is more informative to use the slope of the calibration curve as the signal and the standard deviation of the blank signal as the noise. Table 1 lists S͞N for cytidine and adenosine in D 2 O and in sodium dodecyl sulfate ͑SDS͒ for the thermal lens technique as well as for conventional absorption measurements. As expected, the S͞N for the thermal lens for cytidine and adenosine in D 2 O is approximately two times higher than those for the absorption technique. Interesting results were observed when 0.35M SDS was added to D 2 O; that is, S͞N for the thermal lens is increased to approximately three times higher than that of the absorption. Apparently, adding SDS leads to the increase in the signal ͑from 187 to 229 mV͞M͒ as well as in the noise ͑from 0.323 to 0.471 mV͒ in the thermal lens technique. Conversely, for the absorption technique, the signal is decreased ͑from 0.0305 to 0.0235 a.u.͞M͒ and the noise is increased ͑from 132 to 159 a.u.͒ by the SDS. The increase in the signal of the thermal lens technique is probably due to the improvement in the thermal optical properties of the sample medium by the surfactant. 11 SDS increases background absorption, and as a consequence, leads to the increase in the noise level for both the thermal lens and the absorption techniques. As a consequence, S͞N for the thermal lens is increased, whereas that for the absorption technique is decreased.
Limits of detection ͑LOD's͒ were then determined for all four nucleotides to assess the relative sensitivity of the thermal lens and the absorption techniques.
The LOD is defined as twice the peak-to-peak noise of the baseline divided by the slope of the calibration curve. For reference, in addition to the LOD values, Table 2 also lists sensitivity values ͑i.e., the slopes of the calibration curves͒. To facilitate comparison between the two techniques, the ratio of LOD values for the absorbance technique ͑i.e., LOD abs , measured on the AOTF-based absorption spectrometer͒ and the LOD for the thermal lens technique ͑LOD TL ͒ at two different wavelengths ͑1533 and 1570 nm͒ are also listed. Several conclusions can be drawn from this table. Specifically, the sensitivity, LOD, and LOD abs ͞ LOD TL values for all four compounds remain constant, as expected, regardless of the wavelength. In general, the LOD's of the nucleotides measured with the thermal lens instrument vary from 2.7 ϫ 10 Ϫ3 to 4.9 ϫ 10 Ϫ3 M ͑Table 2, third column͒. Cytidine and thymidine provided relatively lower LOD's than guanosine and adenosine. The thermal lens technique is approximately 2 times more sensitive than the absorption technique ͑i.e., from LOD abs ͞LOD TL ͒.
The effects of solvent and sample path length were also investigated by measurement of the thermal lens signal of cytidine ͑at two different wavelengths, 1533 and 1570 nm͒ in two different solvents ͑D 2 O and SDS͒ and in 1-and 2-mm path-length cells. The results obtained are listed in Table 3 . Again no significant change in LOD was observed when the AOTF was set at either one of these two wavelengths. It is interesting to observe that the decrease in the cuvette path length from 2 to 1 mm increased the sensitivity of the thermal lens technique compared with that of the absorption technique ͑fourth column of Table 3͒ . In fact the LOD abs ͞LOD TL values increased by 19% ͑from 2.1 to 2.5͒ from the 2-to the 1-mm cuvette in D 2 O. A similar effect was also observed for the SDS solutions. This is as expected, because it is known that the thermal lens signal is proportional to the excitation energy, i.e., it is inversely proportional to the spot size of the excitation beam in the sample. In this case, because a relatively short focal length lens ͑5 cm͒ was used to focus the pump beam, the beam spot size is relatively smaller in the shorterpath-length cell ͑1 mm͒ than in the longer cell ͑2 mm͒. Interestingly, it was found that adding 0.35M SDS to the cytidine solution leads to a 32% increase in the LOD abs ͞LOD TL value ͑from 2.5 to 3.3 for the 1-mm cell͒. Similar enhancement was also observed with the 2-mm cell ͑fourth column, Table 3͒ . These results indicate that the sensitivity of the thermal lens technique is further enhanced by adding SDS to the solution. A sensitivity enhancement induced by SDS is expected because it was reported that surfactants, including SDS, increase dn͞dT and decrease the thermal conductivity of the sample solution. 11 Furthermore, the enhancement may also be due to the fact that SDS increases the background in the absorption measurement ͑and hence increases the LOD for this technique͒, whereas the thermal lens is immune to the scattering induced by the SDS in the sample. It is noteworthy that the observed sensitivity enhancement of the thermal lens technique by SDS is of particular importance because SDS solution is often used as a medium in capillary electrophoresis for separations of nucleotides. [12] [13] [14] [15] 
Conclusions
It was successfully demonstrated that a novel and sensitive near-IR thermal lens spectrometer can be developed by synergistic use of an EDFA as the light source and the transmitted beam of an AOTF for the excitation. This instrument can measure absorption spectra in the near-IR region from 1515 to 1590 nm, which covers the overtone and combination transitions of C-H, O-H, and N-H groups. Since all organic compounds including nucleotides possess one or all of these groups, they can be sensitively measured by this spectrometer. The sensitivity of this instrument is ϳ3.3 times higher than those of the conventional absorption techniques. The sensitivity can be further enhanced by a decrease in the path length of the cell or by addition of surfactants. Increasing the output power of the EDFA ͑by pumping it with either a higher power or with more than one 980-nm pump laser diode 1, 16, 17 ͒ would also lead to higher sensitivity because the thermal lens signal is directly proportional to the excitation laser power.
In this study the LOD's of nucleotides were determined at a single excitation wavelength ͑1533 or 1570 nm͒. Since the EDFA can be spectrally tuned from 1515 to 1590 nm, the whole thermal lens spectrum can be used for the determination. It is expected that with synergistic use of the multivariate method of calibration, e.g., the partial least-square analysis, to analyze thermal lens spectra, it may be possible simultaneously to determine samples that have multicomponents. In fact, we have previously demonstrated that simultaneous determination of the concentration of water and DMSO-h 6 in DMSO-d 6 can be accomplished by the partial leastsquares method to analyze the thermal lens spectra obtained when the sample was excited by near-IR radiation from 875 to 1050 nm light from the Tisapphire laser. 18 Alternatively, simultaneous determination can also be accomplished in a multiplex configuration in which the sample is simultaneously excited with more than one excitation wavelength. The AOTF, with its unique properties, facilitates such determination. Specifically, we have previously demonstrated that with the AOTF used to modulate each excitation wavelength ͑in the visible region͒ at a specific frequency, the thermal lens signal obtained can be resolved into the thermal lens signals corresponding to each wavelength, thereby allowing the simultaneous determination of samples containing four different ions ͑Er ͒. 19 This multivariate method of analysis and the multiplex capability of the EDFA-AOTF thermal lens technique are currently under investigation, which should help expand the application of this instrument to the area of general analysis of real-time, multicomponent samples.
The results presented in this paper also demonstrate that this thermal lens instrument is particularly suited as a detector for small-volume sample measurements, especially for micellar-mediated capillary electrophoresis, the technique often used for the separation of nucleotides. [12] [13] [14] [15] This is also the subject of our present intense investigation.
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